Introduction
Septic shock is one of the most lethal illnesses encountered in an intensive care unit (ICU). Especially, in the case of the Sequential (Sepsis-related) Organ Failure Assessment (SOFA) score of ≥2 points, which is associated with an increase in the mortality risk in septic patients in an ICU. Moreover, the primary response in critically ill patients caused by the release of intrinsic mediators by the host as a reaction to bacterial toxins leads to the increase in capillary permeability, edema formation, vasodilatation, and hypotension. These alterations in pathophysiological conditions may result in pharmacokinetic (PK) changes in several antibiotics. 1 Vancomycin is a relatively hydrophilic antibiotic. In critically ill patients, the leakage of the fluid from the vessels may result in the larger volume of vancomycin distribution, as well as decrease its plasma drug concentration. However, in general, patients with septic shock would aggressively receive fluid resuscitation during the initial phase of septic shock. The overall impacts of these changes were still unknown. Furthermore, in the absence of significant organ dysfunction, renal perfusion of septic shock patients is submit your manuscript | www.dovepress.com
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Katip et al often increased and, consequently, may result in the increased creatinine clearance and elimination of hydrophilic antibiotics. Theoretically, because optimal trough concentration for vancomycin is 15-20 mg/L and 24-h area under the vancomycin concentration-time curve/minimum inhibitory concentration (AUC 24 /MIC) ≥400 μg·h/mL, these may result in subtherapeutic vancomycin serum concentrations and a corresponding potential for developing antibiotic resistance and/or therapeutic failure. 2 Currently, despite various vancomycin PK studies in critically ill patients, the data on the PK profiles and dosage requirements of vancomycin in patients with initial phase of septic shock are however limited. 3 The objective of this study was to evaluate the PK data of vancomycin in patients with an initial phase of septic shock.
Materials and methods Subjects
This study was conducted at a university-affiliated hospital located in Southern Thailand between January and December 2012.
The patients were eligible for the study if they: 1) were older than 18 years; 2) developed septic shock: a) persistent hypotension (systolic blood pressure [SBP] <90 mmHg, mean arterial pressure <60 mmHg or decreased SBP 40 mmHg from baseline) despite adequate volume resuscitation, in the absence of other causes for hypotension, and b) presented with more than two of the following clinical findings: i) heart rate of >90 beats/min; ii) respiratory rate of >20 breaths/min or arterial partial pressure of carbon dioxide (PCO 2 ) of <32 mmHg; iii) core temperature of <36°C or >38°C; and iv) white blood cell count of <4×10 9 or >12×10 9 cells/L or >10% immature (band) forms; and 3) received vancomycin in the setting of suspected methicillin-resistant staphylococcus aureus (MRSA) infection.
Patients were excluded from the study if they were: 1) exposed to intravenous (IV) vancomycin within the last 7 days; 2) on hemodialysis; 3) on renal replacement therapy (continuous venovenous hemofiltration, continuous venovenous hemodialysis, continuous venovenous hemodiafiltration, slow continuous ultrafiltration, continuous arteriovenous hemodialysis); 4) pregnant; 5) treated for burns; 6) diagnosed with a hematologic malignancy; or 7) allergic to vancomycin. The study protocol was approved by the Ethics Committee of Songklanagarind Hospital, and written informed consent was obtained from each patient. The data recorded on the day when the patients developed septic shock were age, gender, main diagnosis, and SOFA scores. Body weight, mechanical ventilation status, nutritional support, fluid balance, serum albumin, and estimated creatinine clearance (CLCr), according to the Cockroft-Gault method, 4 as well as concurrent administration of vasoactive drugs were also recorded during the time of septic shock.
Study design
This is a prospective, non-comparative PK study.
Drug administration
Vancomycin was reconstituted according to the manufacturer's guidelines. It was diluted into preparations: 1 g in 100 mL of normal saline solution. Each subject received a vancomycin loading dose of 30 mg/kg (based on actual body weight) 2 h infusion via central line.
Blood sampling
Blood samples of ~2.5 mL were obtained each time by direct venipuncture before and at 30, 60, 120, 130, 140, 160, 180, 210, 240, 360, 540, and 720 min after the initiation of vancomycin infusion. All blood samples were allowed to clot and then centrifuged at 2,000 rpm. The serum obtained was stored at −80°C until analyzed.
Vancomycin assays
Concentrations of vancomycin in serum were determined by fluorescence polarization immunoassay (AxSYM; Abbott Laboratories, Abbott Park, IL, USA). The assay limit of detection of vancomycin was 2 μg/mL, and the intraday and interday assay coefficients of variation were <7% over the entire calibration range (7-75 μg/mL).
PK analyses
Vancomycin PK analyses were conducted using two approaches: the noncompartmental modeling (model-independent methods) and the compartmental modeling using Phoenix ® WinNonlin ® Version 6.3 (Certara TM , St. Louis, MO, USA) to determine the PK parameters of interest in each individual patient.
The elimination rate constant (Ke) of each patient was estimated with linear regression of the last three points which is at least 4 h after the completion of infusion on the semilogarithmic vancomycin concentration-time plots. The area under the serum concentration-time curve from time zero to 12 h (AUC 0→12 ) was calculated for each subject by the linearlog trapezoidal rule. The AUC 0→24 at steady state (AUC 0→24,ss ) was estimated assuming the patients received the same dose of vancomycin every 24 h and vancomycin PK remained the 
255
Vancomycin in patients with septic shock same. Then, the effects of patients' demographic and clinical data on the PK of vancomycin were explored.
For the model dependent analysis, serum vancomycin concentration-time curves were fit to one, two, and three compartmental first-order elimination models. The Akaiki information criterion (AKI) and the Schwarz Bayesian criterion were used to select the best fit model.
Pharmacodynamics analyses
The probability of achieving the PD target of AUC 24 /MIC ≥400 in patients with septic shock treated with vancomycin was assessed using AUC 24 /MIC model and parameters estimated from the PK analysis. Simulations of 10,000 patients were conducted with different vancomycin dosages (30 mg/kg loading and 20 mg/kg subsequent dose every 8, 12, and 24 h) and MICs different for MRSA to vancomycin.
Statistical analysis
The correlations between patients' demographic data, clinical data, and PK parameters were assessed via simple linear regression analysis.
Results
Twelve patients (nine males and three females) were enrolled in the study with a mean age of 57±19 years (range 26-86 years) and mean actual body weight of 62±9 kg (range 50-80 kg). The characteristics of all patients and the regimens of vancomycin are shown in Table 1 .
The semilogarithmic plots of the observed serum vancomycin concentration-time curve are shown in Figure 1 . Each line refers to a serum vancomycin concentration-time profile of an individual patient. Ten out of the twelve patients had serum vancomycin concentration monitored for 12 h after vancomycin administration. Two patients (subject numbers 6 and 10) died before the study completed, and the last vancomycin serum concentrations of them were collected at 4 and 9 h after infusion was completed. Two out of the ten patients had the observed vancomycin serum concentration at 12 h after the dose (minimum concentration, C min ) within the therapeutic range (15-20 mg/L), while six patients had the lower C min than the therapeutic range (<15 mg/L). Two patients had the higher observed C min than the therapeutic range (>20 mg/L). Observed and predicted vancomycin concentration versus time plots using two-compartmental model analysis for individual subjects receiving vancomycin 30 mg/kg infused over 2 h are shown in Figure 2 .
The Ke of each patient was estimated with linear regression of the last three points (at least 4 h after the completion of infusion) on the semilogarithmic vancomycin concentration-time plots. The noncompartmental analysis was performed in ten patients. The elimination phase cannot be predicted in the other two patients due to insufficient concentration observed during their elimination phases. The area under the serum concentration-time curve (AUC) was calculated by the linear-log trapezoidal rule. The AUCs of non-and two-compartmental model analyses were presented in Tables 2 and 3 Table 2 presents the patients' PK parameter obtained from the noncompartmental analysis.
The relationship of patients' demographic and their clinical outcomes and the values of PK parameters were explored. Only 
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Vancomycin in patients with septic shock patients' weight was observed to be related with the values of vancomycin Vss (Vss = 0.2554 × (weight) + 42.794, r 2 =0.330). As for the model-dependent analysis, serum vancomycin concentration-time curves were fit to one, two, and three compartmental first-order elimination models. Based on the AKI and the Schwarz Bayesian criterion, the three-compartment model was best fit for the vancomycin concentration-time data of patients numbered 7, 8, and 9, while the two-compartment model was best fit for the rest of the patients.
The two-compartment analysis was performed in order to summarize the characteristics of vancomycin PK among this population. The PK parameters were summarized in Table 3 . , respectively. The scatter plot of observed against predicted concentrations of the 12 patients with septic shock, using the two-compartmental first-order elimination model is shown in Figure 3 . The observed vancomycin concentrations fell on and equally all along both sides of the line of unity. Figure 4 presents the scatter plot of residual versus predicted vancomycin concentrations from the same model analysis. The residual values were roughly equally distributed on both sides of the zero line.
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The correlation between patients' demographic, clinical data and PK parameters were explored. Systemic (r 2 = 0.286) and distributive (r 2 =0.370) clearance values were found as weakly correlated with the SOFA score. The higher the SOFA score, the lower the systemic and distributive clearance values. However, vancomycin clearance and creatinine clearance (r 2 =0.280) as well as vancomycin central volume of distribution and weight (r 2 =0.275) were observed as poorly correlated. The probability of target attainments, achieving the target AUC 24 /MIC ≥400, with different MIC values of vancomycin for MRSA using different vancomycin dosage regimens were summarized and presented in Figure 5 .
Discussion
Vancomycin PK analyses were conducted by using the noncompartment and compartment models. The majority of the vancomycin concentration-time profiles in patients with septic shock were best fit to the two-compartment model. It was found that the clearance values in the studied patients were higher when compared with the patients without septic shock during the initial phase. The values of vancomycin volume of distribution observed in this study were similar to the result in non-septic shock patients. Patients with septic shock seemed to clear vancomycin faster than the critically ill patients. However, no difference was detected in the distribution of vancomycin in both populations.
In septic shock patients, the values of vancomycin volume of distribution from our noncompartmental and compartmental models were similar to the ones previously reported in non-septic shock phase. According to non-compartment analysis, the Vss value (78.73±21.78 L) was similar to the Vss value estimated by Matzke et al 5 (63.38±23.52 L), which was conducted in non-septic shock patients. When using two-compartment model, the estimated mean Vc value (Table 3) 6 During the acute phase of septic shock, the capillary permeability increased which resulted in extravascular fluid sequestration. In addition, most patients received vigorous fluid resuscitation. However, in the initial phase of septic shock, the fluid leak and fluid resuscitation may not be accumulated long enough to increase the volume of distribution of vancomycin. In the later phase of septic shock which may reflect the vancomycin serum concentration at steady state, the large amounts of fluids leaking into the interstitium led to prolonged water accumulation. Therefore, the higher value of vancomycin Vd was observed in this phase. This hypothesis is supported by Polard et al 6 whose study observed an increase of vancomycin Vp at steady state (53±38 L) when compared with the first day of therapy (39±12 L).
The values of vancomycin CL presented in this study (non-compartment model; CLss =6.05±1.06 L/h and twocompartment model; CL =3.70±1.25 L/h) were higher than the result obtained from other studies conducted in Thai patients without septic shock. The values of vancomycin CLss from the studies by Jaruratanasirikul et al, 8 using non-compartment model and Purwonugroho et al, using two-compartment model were 1.46±0.88 L/h and 1.54 L/h, respectively. Furthermore, the estimated value of CL in the present study was higher than the result in critically ill 
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Vancomycin in patients with septic shock patients by Mangin et al 9 (CL = 1.55 L/h). However, Polard et al 6 reported a similar result as the present study (vancomycin CL of 8.58 L/h) in a population of critically ill patients during the first dose of vancomycin administration. In addition, Polard et al 6 reported a significant decrease (~30%) in the mean value of vancomycin clearance at steady state.
The higher values of vancomycin clearance may result from the compensation of non-renal clearance during acute kidney injury and the effect of inotropic drugs. First, the majority of patients with septic shock had acute kidney injury. During acute kidney injury, non-renal clearance of vancomycin may increase. Our hypothesis is supported by a study of vancomycin PK in critically ill patients with acute kidney injury. The result of that study suggested that substantial portion of the non-renal clearance of vancomycin is preserved during the early phase of acute kidney injury. 10 Second, inotropic and vasoactive drugs, such as dopamine, dobutamine, and norepinephrine, used during the initial phase of septic shock may play an important role in enhancing vancomycin clearance by increasing cardiac output. 11 Most patients in the study received these agents.
Infectious Diseases Society of America (IDSA) guideline suggests that AUC 24 /MIC of 400 μg·h/mL is the PK/pharmacodynamic (PD) parameter that relates to good clinical and bacteriological outcomes for patients with MRSA infection. 12 The present study observed the increase in vancomycin CL, but not for the volume of distribution in the patients with early phase of septic shock. By giving the loading dose of vancomycin, six out of ten patients in the study achieved the PK-PD target (AUC 24 >400 μg·h/mL). However, four patients have subtherapeutic PK-PD target. Thus, to achieve an AUC/ MIC 24 target, it was suggested that the loading dose of 30 mg/kg, followed by a maintenance dose of 20 mg/kg every 8 h to compensate for the increase of vancomycin CL in the early phase of septic shock.
Limitations
There are some limitations found in this study that should be noted. First, due to the nature of PK studies, the study lacks an evaluation of patient outcomes. Second, the sample size may be insufficient. However, in the absence of data from a larger sample size, the study remains the only one conducted with patients with initial phase of septic shock. 13 Third, the Cockcroft-Gault method used in estimating CLCr in this study is known to have certain limitations in severely ill patients. 14, 15 Fourth, the narrow range of patient weights and a lack of obese patients in this study which may limit its external validity. Finally, this study only evaluated the early phase of septic shock; hence, it should not be used in extrapolating parameters beyond this time frame.
Conclusion
In the early phase of septic shock, the value of total clearance of vancomycin increased while the values of central and peripheral compartment volume of distribution did not increase. According to the observations of this study ( Figure 5 ), loading dose of 30 mg/kg vancomycin and subsequent dose of 20 mg/kg every 8 h to achieve AUC 24 /MIC >400 μg·h/mL on the first day of therapy were recommended. Finally, therapeutic drug monitoring is required for further dosage adjustments.
